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The MLH1 protein is required for normal meiosis in mice and its absence leads to failure in maintenance of pairing between
bivalent chromosomes, abnormal meiotic division, and ensuing sterility in both sexes. In this study, we investigated
whether failure to develop foci of MLH1 protein on chromosomes in prophase would lead to elimination of prophase
spermatocytes, and, if not, whether univalent chromosomes could align normally on the meiotic spindle and whether
metaphase spermatocytes would be delayed and/or eliminated. In spite of the absence of MLH1 foci, no apoptosis of
spermatocytes in prophase was detected. In fact, chromosomes of pachytene spermatocytes from Mlh1/ mice were
competent to condense metaphase chromosomes, both in vivo and in vitro. Most condensed chromosomes were univalents
with spatially distinct FISH signals. Typical metaphase events, such as synaptonemal complex breakdown and the
phosphorylation of Ser10 on histone H3, occurred in Mlh1/ spermatocytes, suggesting that there is no inhibition of onset
of meiotic metaphase in the face of massive chromosomal abnormalities. However, the condensed univalent chromosomes
did not align correctly onto the spindle apparatus in the majority of Mlh1/ spermatocytes. Most meiotic metaphase
spermatocytes were characterized with bipolar spindles, but chromosomes radiated away from the microtubule-organizing
centers in a prometaphase-like pattern rather than achieving a bipolar orientation. Apoptosis was not observed until after
the onset of meiotic metaphase. Thus, spermatocytes are not eliminated in direct response to the initial meiotic defect, but
are eliminated later. Taken together, these observations suggest that a spindle assembly checkpoint, rather than a
recombination or chiasmata checkpoint, may be activated in response to meiotic errors, thereby ensuring elimination of
chromosomally abnormal gamete precursors. © 2002 Elsevier Science (USA)INTRODUCTION
Making a genetically complete and normal gamete is
essential for reproduction and continuity of the species.
The process of meiosis ensures that gametes receive a
haploid, 1N, complement of chromosomes and the 1C
complement of DNA. The stage is set for accurate segrega-
tion of chromosomes by the events of meiotic prophase,
principally pairing and synapsis of homologous chromo-
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All rights reserved.somes and recombination between them. Recombination
results in the formation of physical links, chiasmata, be-
tween homologous chromosomes. These are required for
proper chromosome alignment and segregation in the first
meiotic division (Carpenter, 1994; Koehler et al., 1996).
Since recombination is a prerequisite for faithful segrega-
tion of chromosomes, it is important to understand not
only the molecular events of recombination but also the
consequences of error and whether error is monitored in
order to ensure gamete quality. Meiotic recombination is a
complex series of steps, mediated by a large number of
proteins that likely act together in complexes (Cohen and
Pollard, 2001; Smith and Nicolas, 1998). The events of
recombination include DNA double-strand breaks, strand
invasion, formation of Holliday junctions and heteroduplex
DNA, and processing of recombination intermediates by
reactions that include DNA mismatch repair. A significant
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number of proteins have been implicated, directly or indi-
rectly, in the events comprising recombination in mam-
mals (Cohen and Pollard, 2001). While much is already
known about the molecular processes of meiotic recombi-
nation, virtually nothing is known about the mechanisms
in mammalian gametogenesis that might monitor the
progress of meiosis and ensure gamete quality.
In the apparent absence of mutations affecting mamma-
lian meiotic checkpoint mechanisms, evidence for such
processes can be gleaned from experimental investigation of
mutants with errors in meiotic processes. Null or knockout
mutations have been particularly useful to test possible
downstream effects, perhaps checkpoint-mediated, of fail-
ure in specific meiotic processes. However, there is an
important caveat: failure in progress of gametogenesis in
the absence of a specific gene product can be explained in at
least two ways. It could be due either to a requirement for
the gene product in order to progress to the subsequent step
in meiosis or to checkpoint monitoring of a failed event and
subsequent elimination by apoptosis of germ cells that are
otherwise progressing in differentiation. Nonetheless, mu-
tations or conditions interfering with the events of meiosis
can be informative about specific requirements and possi-
bly provide indirect evidence for the existence of meiotic
checkpoint mechanisms. Here, we study the effects on
meiotic progress in spermatogenesis of absence of the
MLH1 protein. The MLH1 protein promotes crossing over
in budding yeast (Hunter and Borts, 1997), and in mice and
humans, the MLH1 protein localizes with meiotic cross-
over sites, corresponding to the number and distribution of
chiasmata (Anderson et al., 1999; Barlow and Hulten, 1998).
Mice that are homozygous for a knockout of the Mlh1 gene
are sterile, exhibiting a failure either to form or to maintain
chiasmata, revealed by presence of univalent chromosomes
at meiotic metaphase (Baker et al., 1996; Edelmann et al.,
1996). In mutant female mice, oocytes clearly progress to
metaphase, at which time they exhibit abnormalities of
chromosome alignment and spindle assembly (Woods et al.,
FIG. 1. Chromosome pairing is defective in Mlh1/ spermatocytes as revealed by FISH analysis of MI spermatocytes from Mlh1/ (A) and
Mlh1/ (B) mice with chromosome paint probes (for chromosomes 2, green, and 8, red, with DAPI-stained chromatin in blue). In (A), signals
of the same color are juxtaposed in a single bivalent, indicating paired homologous chromosomes in control spermatocytes. In (B), univalent
chromosomes are identified by two separate signals per chromosome in mutant spermatocytes.
FIG. 2. Pachytene spermatocytes from Mlh1/ mice are competent to condense chromosomes in response to OA treatment in vitro. (A)
Control Mlh1/ spermatocytes treated with OA for 6 h. (B) Mlh1/ spermatocytes treated with OA for 6 h. Condensed chromosomes are
usually univalents, assessed by chromosome number, morphology, and absence of visible chiasmata. (C) Mlh1/ spermatocytes treated
with OA for 6 h, showing occasional chiasmate bivalents (arrow).
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1999). In mutant male mice, data about loss of spermato-
cytes are a bit more ambiguous, but apparently it occurs
either in late meiotic prophase (Edelmann et al., 1996) or in
the division phase (Baker et al., 1996); the difference could
be due to different mutations or differing interpretation of
the phenotype. We analyzed the consequences of chiasmata
failure for survival and progress of spermatocytes, and
determined the time of cell death with reference to meiotic
events. In spite of absence of MLH1 protein, spermatocytes
are not arrested and do not undergo apoptosis during the
pachytene stage when MLH1 foci are first assembled onto
chromosomes. Instead, there is an apparently normal tran-
sition from prophase to prometaphase, with the majority of
spermatocytes dying at metaphase. Thus, if cell death is
induced by a meiotic checkpoint, the checkpoint seemingly
detects abnormalities at the stage of spindle assembly and
chromosome alignment, well after the manifestation of the
first meiotic abnormality in mutant spermatocytes.
MATERIALS AND METHODS
Mice
Mice carrying the Mlh1 targeted mutation were generously
provided by Sean Baker (Baker et al., 1996) and offspring were
genotyped by PCR reactions for the normal and targeted alleles of
FIG. 3. Events of the G2/M occur in normal temporal order in Mlh1/ spermatocytes. (A) Section of stage XI–XII tubule from control
Mlh1/ testis, stained with antibodies for division-phase MPM-2 epitopes (red) and phosphorylated histone H3 (green), showing MI
spermatocytes with aligned chromosomes. (B) Section of stage XI–XII tubule from testis of an Mlh1/ mouse, stained as in Fig. 1A. Note
that diplotene spermatocytes show “speckled” staining for phosphorylated histone H3 at the centromeric heterochromatin located near the
nuclear envelope (arrow) and that MI spermatocytes with heavily phosphorylated histone H3 do not have neatly aligned chromosomes. (C)
This image of a surface-spread control MI spermatocyte, stained with antibodies against SYCP3 (red) and phosphorylated histone H3 (green),
shows typical residual SYCP3 staining at the paired metaphase centromeres (arrow). (D) This Mlh1/ spermatocyte, prepared as in Fig. 3C,
shows that histone H3 is phosphorylated at MI, but that homologous centromeres are not paired.
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the Mlh1 gene from DNA obtained from tail tips. Mice were
housed under 14 h light/10 h dark photoperiods at a constant
temperature (21°C), with free access to standard laboratory chow
and water.
Cell and Tissue Preparation
Male mice were killed by cervical dislocation. Testes were
removed and fixed by overnight immersion in cold 4% paraformal-
dehyde (Sigma) at 4°C. After fixation and dehydration, testes were
embedded in paraffin and sectioned at 3 m. The deparaffinized
sections were microwaved (10 min at power 3) to unmask antigens
before reaction with antibody.
To obtain isolated germ cells, testes were detunicated, digested
in 0.5 mg/ml collagenase (Sigma) in Krebs–Ringer bicarbonate
(KRB) at 32°C for 20 min, then digested in 0.5 mg/ml trypsin
(Sigma) in KRB at 32°C for 13 min. After filtration through 80-M
mesh and three washes in KRB, spermatocytes were either fixed in
a fibrin clot (see below) or enriched for isolation of pachytene
spermatocytes by sedimentation on a bovine serum albumin (BSA)
gradient at unit gravity (Bellve´, 1993).
After isolation of pachytene spermatocytes, the cells were cul-
tured in MEM medium/5% fetal bovine serum (Gibco/BRL). After
overnight culture at 32°C with 5% CO2, cells were treated for 6 h
with 5 M okadaic acid (OA) or the ethanol solvent (Cobb et al.,
1999a). Chromatin configurations were visualized by Giemsa-
staining of air-dried preparations of the treated cells (Evans et al.,
1964; Wiltshire et al., 1995). Surface-spread chromatin preparations
for synaptonemal complex visualization were performed as previ-
ously described (Cobb et al., 1999a). Briefly, germ cells were fixed
in 2% paraformaldehyde and allowed to dry onto slides. The slides
were fixed in 2% paraformaldehyde/0.03% SDS, then in 2%
paraformaldehyde, then blocked in 10% goat serum/3% BSA in
phosphate-buffered saline (PBS) prior to processing for immunoflu-
orescence.
To obtain a preparation enriched in meiotically dividing sper-
matocytes, a variation of the transillumination procedure (Parvi-
nen et al., 1993) was used (Eaker et al., 2001). Testes from adult
mice were detunicated, and then digested with 0.5 mg/ml collage-
nase for 8 min at 33°C. Tubule segments were excised and
transferred onto microscope slides in KRB. A coverslip was then
placed on top of the segment, allowing the tubules to spread onto
the slide. The entire slide was then frozen in liquid N2 for 30 s, the
coverslip was removed, and the slide was fixed in 3:1 ethanol/acetic
acid. Prior to incubation with antibodies, the slide was blocked in
PBS/10% goat serum for 30 min.
Spermatocytes from germ cell preparations were embedded in
fibrin clots as previously described (Eaker et al., 2001). Germ cells
were isolated as described above and brought to a concentration of
25  106 cells/ml. A 3-l aliquot of fibrinogen (Calbiochem, 10
mg/ml fresh) and 1.5 l of the cell suspension were pipetted onto a
slide. Then, 2.5 l of thrombin (Sigma; 250 units) was added, and
the slide was allowed to clot for 2 min. The slide was then fixed in
4% paraformaldehyde (Sigma) for 15 min, washed in 0.2% Triton
X-100 (Sigma) for 5 min, then processed for immunofluorescence.
Chromosome painting, using fluorescence in situ hybridization
(FISH), was performed as previously described (Eaker et al., 2001).
Briefly, spermatocytes were fixed in 3:1 ethanol:acetic acid, then
dropped onto slides and allowed to dry. After dehydration in an
increasing ethanol series, cells were denatured by incubation in
70% formamide/2 SSC at 65°C for 2 min, followed by another
dehydration series. Chromosome paint probes, for chromosomes 2
and 8 (Cambio Inc., Cambridge, UK) were warmed to 37°C,
denatured at 65°C, then cooled to 37°C for 1 h. A 15-l aliquot of
each chromosome paint probe was added to the slides. The slides
were coverslipped, sealed, and incubated overnight at 37°C in a
humidified chamber. After two washes at 45°C for 5 min in 50%
formamide/2 SSC, followed by two washes in 0.1 SSC, detec-
tion reagents from the manufacturer (Cambio, Inc.) were added to
each slide. The slides were then processed for fluorescent visual-
ization as described below.
Apoptosis Analysis
Apoptosis assays were performed by using the In Situ Cell Death
Detection Kit (Roche Pharmaceuticals), utilizing the end-labeling
TUNEL reaction on testes fixed and sectioned as described above.
The TUNEL reaction was performed according to the manufactur-
er’s protocol, with the exception of a 15-min incubation with the
enzyme on the slides. After deparaffinization in xylene and rehy-
dration, the slides were incubated in 80 l of the reaction mix at
37°C in a humidified chamber. After two 5-min washes in PBS, the
slides were processed for immunofluorescence. To determine the
timing of cell death relevant to meiotic stage, a developmental
analysis was performed. Apoptosis was scored in cross-sections of
seminiferous tubules from mice 16, 18, 20, 22, and 24 days old, as
well as from adults. Three control and three mutant mice from
each age were used. Tubules with more than three apoptotic germ
cells were scored as apoptotic, consistent with previously estab-
lished criteria (Kon et al., 1999); approximately 500 tubule cross-
sections per mouse were scored.
Immunolocalization
Antisera used were polyclonal anti-SYCP3 (Eaker et al., 2001),
anti-tubulin (Amersham), anti-phosphorylated histone H3 (Upstate
Biotechnology), and anti-MPM-2 (Upstate Biotechnology). Follow-
ing overnight incubation in primary antibody, slides were incu-
bated with rhodamine- or fluorescein-conjugated secondary anti-
bodies (Pierce), and mounted with Prolong Antifade (Molecular
Probes) containing DAPI (Molecular Probes) to stain DNA. Anti-
body localization was observed by using an Olympus epifluores-
cence microscope, and images were captured to Adobe PhotoShop
with a Hamamatsu color CCD camera. Confocal images were
collected by using a Leica TC SP2 laser-scanning confocal micro-
scope.
RESULTS
Chromosome Univalence and Events of the G2/M
Transition in Mlh1/ Spermatocytes
Previous findings of lack of MLH1 protein foci in Mlh1/
spermatocytes and meiotic chromosome univalence (Baker
et al., 1996; Edelmann et al., 1996) were confirmed. Chro-
mosome behavior in Mlh1/ spermatocytes was studied by
using FISH with chromosome-specific (Chrs. 2 and 8) paint
probes on surface-spread chromosome preparations. This
analysis was carried out on metaphase I (MI) spermatocytes
retrieved from testes as well as on pachytene spermatocytes
induced to reach MI by treatment with the phosphatase
inhibitor OA (Wiltshire et al., 1995), a protocol providing a
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larger number of MI spermatocytes for statistical purposes.
Appropriate chromosome pairing, indicated by juxtaposed
FISH signals, was observed for Chrs. 2 and 8 in control
(Mlh1/) spermatocytes, with 0%  0.00 mispairing both
in vivo as well as in vitro after treatment with OA (Fig. 1A).
Among Mlh1/spermatocytes, the majority (90% 0.58) of
Chrs. 2 and 8 were neither homologously paired nor in
physical proximity; that is, they were separated by more
than one FISH signal domain (Fig. 1B). Since surface-spread
chromosomes were scored, it is not known whether ho-
mologous chromosomes could be in closer physical prox-
imity in vivo. Nonetheless, this analysis reveals a clear
difference in proximity of homologs when mutant and
control spermatocytes were compared.
Incubation of pachytene spermatocytes with OA is an
assay that allowed assessment of competence of the MLH1-
deficient spermatocytes to undergo various events of the
G2/M transition (Cobb et al., 1999a). In these analyses,
characteristic processes of the G2/M were monitored. These
included disassembly of the axes of the synaptonemal
complex recognized by the antibody to mouse SYCP3,
condensation and individualization of chromosomes, the
phosphorylation of histone H3, a characteristic marker of
the transition into metaphase in both mitotic and meiotic
cells (Cobb et al., 1999b), and presence of division-phase
phosphorylated epitopes recognized by the MPM-2 anti-
serum. In both control and mutant Mlh1/ spermatocytes,
treatment with OA led to chromosome condensation and
other events of the G2/M transition, revealing competence
of mutant spermatocytes to undergo events of the G2/M
transition (Figs. 2 and 3). Analysis of MI chromosomes in
standard Giemsa-stained chromosome preparations (Fig. 2)
revealed severe reduction in number of chiasmata in mu-
tant Mlh1/ spermatocytes (Fig. 2B), although about 25%
of the spermatocytes had one or two chiasmate bivalents
(Fig. 2C). This analysis also showed competence of Mlh1/
spermatocytes to condense chromosomes in response to
OA treatment (Fig. 2B). In both control and mutant sper-
matocytes, all stages of condensation were observed. Like-
wise, as previously reported (Wiltshire et al., 1995; Cobb et
al., 1999a,b), not all spermatocytes exhibit chromosome
condensation after OA treatment, and intermediate stages
are seen. Nonetheless, over a series of four experiments, the
frequency of Mlh1/ spermatocytes with condensed chro-
mosomes was equal to or slightly greater than the fre-
quency among control spermatocytes in the same experi-
ment. Both histone H3 phosphorylation and disassembly of
the synaptonemal complex (SC), events consistent with
metaphase entry, were also observed in Mlh1/ spermato-
cytes (Fig. 3). These events occur in a temporally normal
manner in MLH1-deficient spermatocytes (Fig. 3B), with
histone H3 phosphorylation originating in the centromeric
heterochromatin in diplotene spermatocytes and pervasive
throughout the chromatin by MI (Figs. 3A and 3B). In both
control and mutant stage XII tubule sections, robust num-
bers of diplotene and MI spermatocytes were seen. Al-
though there appeared to be more such cells in stage XII
tubules from Mlh1/ mice, this was considered to be an
artifact deriving from the absence of postmeiotic stages of
spermatid differentiation. The fact that Mlh1/ spermato-
cytes go through an apparently normal G2/M transition is
supported by observations of OA-treated spermatocytes,
where, as in controls, all spermatocytes with condensed
chromosomes show disassembly of the synaptonemal com-
plex and phosphorylation of histone H3 throughout the
chromatin (Figs. 3C and 3D). These data show that, al-
though univalent chromosomes are formed, the entry into
metaphase in Mlh1/ spermatocytes is similar to that of
Mlh1/ spermatocytes, implying that although the MLH1
protein may be required for chiasmata formation or main-
tenance, chiasmata are not part of the signal machinery
enabling either the normal or precocious, OA-induced,
G2/M transition.
Spermatocytes of Mlh1/ Mice Exhibit Metaphase
Abnormalities and Apoptosis
Although Mlh1/ spermatocytes show characteristics of
normal prophase to metaphase transition, their progress is
halted soon after. In order to observe details of metaphase
spindle dynamics in Mlh1/ spermatocytes, we monitored
spindle formation and chromosome behavior using immu-
nofluorescence with antibodies against -tubulin (to detect
the spindle) and phospho-histone H3 (to visualize meta-
phase chromosomes). Confocal imaging was used to assess
MI spindle structure and to determine whether chromo-
somes were misaligned on the spindle. Apparently normal
bipolar spindle formation, revealed by staining with anti-
tubulin, does occur in the presence of univalent chromo-
somes. However, frequently univalent chromosomes of
Mlh1/ MI spermatocytes do not achieve alignment and
bipolar orientation on the spindle equator (Fig. 4) as do
control spermatocytes (Fig. 4, inset); overall alignment
abnormalities were seen in very few (5% or less) of control
spermatocytes, but in the majority of mutant spermato-
cytes. Although analysis of sections is not as definitive as
confocal imaging, this same observation can be made by
comparing the “tight” metaphases in control stage XII
tubule sections with the “loose” configuration of the chro-
mosomes in mutant stage XII tubule sections (Figs. 3A and
3B). Anaphase was only rarely observed among Mlh1/
spermatocytes. No round spermatids were seen in Mlh1/
mice, which is evidence for elimination of spermatocytes at
the meiotic division phase. It is likely that cells are elimi-
nated predominantly at MI, since no distinguishable MII
spermatocytes were readily recognized by smaller size or by
counting centromeres after staining with CREST antiserum
(not shown).
Since it was previously shown that metaphase spermato-
cytes with unaligned chromosomes frequently undergo
apoptosis (Eaker et al., 2001), the TUNEL assay was utilized
to determine whether apoptotic spermatocytes were
present in testes of Mlh1/ mice. Standard stages of the
seminiferous epithelium cannot readily be ascertained in
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adult Mlh1/ mice since they lack postmeiotic germ-cell
stages. Consequently, a developmental analysis was per-
formed to determine the relationship between germ-cell
stage and cell death (see Materials and Methods). This
analysis took advantage of the sequential appearance of
progressively more differentiated germ-cell stages in mice
16, 18, 20, 22, and 24 days old. Tubules with meiotic
division-phase spermatocytes, assessed by staining with
antibody against phosphorylated histone H3, were scored;
these appear in both control and mutant testes at 22 days
(Fig. 5B). This developmental analysis thus allows a direct
comparison of the incidence of apoptosis between control
and mutant testes at the relevant stages of germ-cell differ-
entiation. An increased frequency of tubules with apoptosis
was detected in Mlh1/ testes compared with control
testes (Fig. 5A). Although the incidence of apoptosis was
statistically different between most ages, the largest in-
crease in the number of apoptotic tubules appeared at 22
days of age in tubules from Mlh1/ mice (Figs. 5A). This age
coincides with the first appearance during development of
significant numbers of MI spermatocytes in both Mlh1/
and Mlh1/ mice (Fig. 5B). Although the incidence of
apoptosis was significantly different at this age, there was
no difference between Mlh1/ and Mlh1/ testes in the
frequency of tubules with metaphase spermatocytes (Fig.
5B), suggesting that developmental progress of meiosis in
mutant testes is normal until the meiotic division phase.
These observations suggested that Mlh1/ spermato-
cytes undergo apoptosis after reaching MI, but in order to
determine the precise timing of apoptosis relative to meta-
phase entry, seminiferous tubule cross-sections were exam-
ined after staining for apoptosis with the TUNEL method
and with antibodies against SYCP3 or phosphorylated his-
tone H3 to recognize diplotene and MI spermatocytes. This
analysis, coupled with observations on dispersed germ cells,
allowed resolution of whether spermatocytes died through-
out late prophase and the division phase, or whether death
was during the division phase only. In both sectioned
tubules from adults (Fig. 6) and fibrin clot-embedded sper-
matocytes (not shown), apoptosis was not detected in the
diplotene spermatocytes, recognized as those with either a
“speckled” pattern of staining with antibody recognizing
phosphorylated histone H3 (Fig. 6) or disassembly of the
FIG. 4. Abnormalities characterize chromosome alignment and
segregation in Mlh1/ spermatocytes as seen in this confocal
image of two Mlh1/ MI spermatocytes stained with antibody to
phosphorylated histone H3 (green) and to -tubulin (red). In the
spermatocyte on the right, chromosomes are scattered throughout
the cell and not aligned on the spindle. The spermatocyte on the
left is in a prometaphase configuration. The inset shows, by
standard fluorescence microscopy, the typical compact conforma-
tion of metaphase alignment in a Mlh1/ control spermatocyte
also stained with antibody to phosphorylated histone H3 (green)
and to -tubulin (red).
FIG. 5. There is a developmental increase in the frequency of apoptotic seminiferous tubule cross-sections in testes of Mlh1/ mice. (A)
The frequency of tubules with apoptotic cells in Mlh1/ (black bars) mice relative to control mice (white bars) increases dramatically at
22 days of age. (B) The frequency of tubules with MI spermatocytes, recognized by antibody to phosphorylated histone H3, does not differ
between Mlh1/ (white bars) and Mlh1/ (black bars) testes. Asterisks represent paired values that differ significantly from each other;
Student’s t test was used to analyze the data and error bars represent standard deviations. Apoptotic tubules were identified as those with
three or more apoptotic germ cells; approximately 500 tubule cross-sections were scored per mouse.
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FIG. 6. Apoptosis of Mlh1/ spermatocytes occurs at MI. (A) This section from the testis of an Mlh1/ male is stained for apoptosis by
the TUNEL reaction (green) and with antibody against phosphorylated histone H3 (red) to detect division-phase spermatocytes. The tubule
cross-section on the left is at the stage XI–XII transition, with both diplotene and MI cells visible. The diplotene spermatocytes (thin arrow)
are recognized by patches of phosphorylated histone H3 and show no TUNEL staining. Many MI spermatocytes are intensely stained red
by the antibody to phosphorylated histone H3, but are not apoptotic. Other MI spermatocytes have become apoptotic, staining yellow (thick
arrow). The tubule cross-section on the right is stage XII, identified by two MI spermatocytes staining positively (red) for phosphorylated
histone H3. Only two diplotene spermatocytes are present (thin arrow) and the vast majority of MI spermatocytes are stained positively
(green) for apoptosis. (B) This section from a control Mlh1/ testis shows that tubules with meiotically dividing spermatocytes (stained red
with antibody to phosphorylated histone H3) do not contain apoptotic cells (no cells staining with the green tag for apoptotic cells).
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synaptonemal complex. Apoptosis was detected in many
mutant spermatocytes deduced to be metaphase from his-
tone H3 phosphorylation, synaptonemal complex disassem-
bly, and chromatin patterns (Fig. 6A), but in very few
control MI spermatocytes (Figs. 5 and 6B). Interestingly, the
majority of apoptotic cells lacked staining for phosphory-
lated histone H3, although some metaphase spermatocytes
stained for both apoptosis and phosphorylated histone H3
(Fig. 6A). The disappearance of reactivity for phosphory-
lated histone H3 in apoptotic spermatocytes may be due to
its degradation in apoptotic cells, to antigen masking, or to
dephosphorylation. This phenomenon was previously ob-
served by us (Eaker et al., 2001), and probably accounts for
the greater frequency of tubules scored as apoptotic than of
those scored as positive for histone H3 phosphorylation in
mutant testes (Fig. 5). Taken together, these analyses
showed that large numbers of apoptotic cells were first
detected in the testes of Mlh1/ mice at 22 days of age (Fig.
5), coinciding with the developmental appearance of meta-
phase spermatocytes, and that apoptosis occurs after meta-
phase entry and chromosome condensation, but not in
pachytene or diplotene spermatocytes (Fig. 6A).
DISCUSSION
The progress of meiosis was analyzed in spermatocytes
from Mlh1-knockout mice to determine the response to
absence of the MLH1 protein. Neither the timing of sper-
matocyte elimination and/or death nor the metaphase be-
havior of univalent chromosomes had been previously
established, and of particular interest was whether impair-
ment of meiotic and spermatogenic progress would be
initiated during meiotic prophase when MLH1 foci nor-
mally first appear, or later, in metaphase, when univalent
chromosomes are observed. Absence of chiasmata in
Mlh1/ spermatocytes as previously described (Baker et al.,
1996; Edelmann et al., 1996) was confirmed. Additionally,
use of chromosome paint probes revealed that 90% of Chrs.
2 and 8 were not closely associated with their homologous
partners. Nonetheless, exit from meiotic prophase and
entry into meiotic metaphase occurred in mutant sper-
matocytes and had many hallmarks of the normal process.
Additionally, the induction in vitro of metaphase by OA
suggests that mutant spermatocytes acquire metaphase
competence on a normal schedule in spite of absence of
MLH1 protein. Although a bipolar spindle was assembled in
MI spermatocytes from Mlh1/ mice, it was found that the
univalent chromosomes failed to achieve alignment and
bipolar orientation at the spindle equator and further
progress of meiosis and spermatogenesis was not observed.
Mutant spermatocytes exhibited features of apoptosis at
metaphase, but not earlier in meiotic prophase, in either the
pachytene or diplotene stages. Thus, although MLH1 pro-
tein first accumulates in foci at the midpachytene stage of
meiotic prophase (Anderson et al., 1999; Ashley and Plug,
1998; Baker et al., 1996; Barlow and Hulten, 1998), apparent
defects in the progress of spermatogenesis do not arise until
metaphase of the first meiotic division.
The precise function of the MLH1 protein in mammalian
meiotic recombination is not completely understood. In
yeast, MLH1 protein promotes resolution of recombination
events as crossovers (Hunter and Borts, 1997), suggesting a
role in resolution of recombination events and/or cross-
overs. Indeed, in both mice and humans, the distribution of
MLH1 foci in spermatocytes is highly correlated with both
frequency and distribution of crossovers (Anderson et al.,
1999; Barlow and Hulten, 1998), and other members of the
complex of mismatch repair proteins are also implicated in
recombination (Cohen and Pollard, 2001). If MLH1 does
resolve recombination in mammals, one would think that
bivalents lacking MLH1 might get “stuck” in its absence,
unable to resolve recombination intermediates. The pres-
ence of univalent chromosomes in knockout gametocytes
means that somehow the bivalents were able to resolve
chromosomes in the absence of MLH1 protein. Normally,
MLH1 foci begin to accumulate on meiotic chromosome
cores in the pachytene stage, primarily at midpachynema
(Baker et al., 1996; Tarsounas and Moens, 2001). However,
the immunologically detectable foci are transient, rising
from none at early pachynema, to a peak at mid to late
pachynema, and declining to none by late pachynema
(Anderson et al., 1999). Thus, the prophase localization of
MLH1 foci and the postsynaptic (metaphase) univalency
pose an enigma about both the nature and the precise time
of MLH1 function in mammalian meiotic cells.
A striking aspect of MLH1 deficiency is that both sper-
matocytes and oocytes arrest well after accumulation of
MLH1 protein in nuclei. Interestingly, the phenotype of
absence of two other proteins implicated in DNA mismatch
repair, MSH4 and MSH5, is arrested at the time the proteins
begin to accumulate. MSH4 protein forms discrete foci
along chromosomes early in meiotic prophase, and sper-
matocytes lacking the protein are arrested and undergo
apoptosis in early meiotic prophase (Kneitz et al., 2000).
Spermatocytes lacking MSH5 protein likewise undergo
arrest early in meiotic prophase (de Vries et al., 1999;
Edelmann et al., 1999). Similar observations of spermato-
genic arrest at the time of accumulation of the relevant
protein have been made with respect to spermatocytes
lacking other proteins whose role in meiosis is implied,
such as DMC1 (Pittman et al., 1998; Yoshida et al., 1998)
and ATM (Barlow et al., 1996; Xu et al., 1996). In marked
contrast, mice deficient in MLH1 protein do not undergo
arrest and apoptosis of gametocytes until considerably after
the protein accumulates, as documented here and else-
where (Baker et al., 1996; Edelmann et al., 1996; Woods et
al., 1999). Although it might be that arrest and apoptosis
could initiate at the time MLH1 protein accumulates in
nuclei of spermatocytes, with progressive elimination until
the time of metaphase, our developmental analysis showed
that spermatocytes progress normally into MI. Thus, there
does not appear to be a gradual developmental accumula-
tion of apoptotic cells throughout prophase, culminating at
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metaphase. Instead, arrest and apoptosis were detectable
only after assembly of a bipolar spindle and misalignment
of chromosomes on the spindle.
Our observations raise several interesting implications
with respect to the role of MLH1 in both progress of
spermatogenesis and checkpoint control. All Mlh1/ sper-
matocytes are characterized at MI by a very high frequency
of univalent chromosomes, indicating massive, although
not complete, failure in either formation or maintenance of
chiasmata. Yet both in vivo and in vitro, mutant spermato-
cytes are competent to enter MI, doing so with many
normal features of the G2/M transition. This implies that
stable chiasmata are neither required nor monitored for the
transition from prophase to metaphase. Yet both in yeast
(Bailis and Roeder, 2000; Bailis et al., 2000; Leu and Roeder,
1999; Lydall et al., 1996; McKee and Kleckner, 1997; Roeder
and Bailis, 2000; San-Segundo and Roeder, 1999, 2000; Tung
et al., 2000; Xu et al., 1995, 1997) and, to a lesser extent, in
mammals (Mahadevaiah et al., 2000; Odorisio et al., 1998;
Rodriguez and Burgoyne, 2000) there is genetic evidence for
checkpoints operating to monitor progress through meiotic
prophase. Such checkpoints might effectively monitor pair-
ing, synapsis, recombination, or chiasmata, as well as
acquisition of competence to undergo the meiotic division
phase, and perhaps even competence for postmeiotic differ-
entiation (sporulation or spermiogenesis). Checkpoints
monitoring the progress of recombination in yeast link
these events to the unfolding of the cell cycle and transition
out of prophase. Thus, cells with incomplete recombination
do not enter the division phase; downstream effectors of the
checkpoint include cell cycle regulators and involve phos-
phorylation events (Roeder and Bailis, 2000). Interestingly,
in mammalian spermatocytes, defective synapsis seem-
ingly can lead either to pachytene-stage germ cell loss or to
MI arrest and apoptosis (Odorisio et al., 1998). Importantly,
in absence of mutations in checkpoint sensors and effec-
tors, it is not yet known with certainty whether arrest in
these conditions is due to a checkpoint-mediated process or
to a mechanical requirement for a previously occurring
event that allows progress of spermatogenesis. Taken to-
gether, various analyses of spermatocytes lacking MLH1
suggest that MLH1 foci are not required for cell-cycle
progress, nor is there a checkpoint-mediated arrest that
signals a halt during prophase in their absence. Instead, the
vast majority of MLH1-deficient spermatocytes arrest at
metaphase, not in the pachytene stage of prophase, when
MLH1 is first assembled onto chromosomes.
Metaphase arrest may be because chromosomes of mu-
tant spermatocytes do not align correctly on the spindle
during prometaphase, as was also observed for chromo-
somes in MLH1-deficient oocytes (Woods et al., 1999). This
observation implies that either MLH1 protein or, more
likely, the physical links between homologs stabilized by a
mechanism involving MLH1, are required for appropriate
congression at the equator of the MI spindle. It is well
known that tension is required for chromosome alignment
and onset of anaphase (Li and Nicklas, 1995), and MLH1-
deficient spermatocyte chromosomes cannot develop ten-
sion at MI because of lack of chiasmata. Thus, metaphase
arrest and apoptosis of MLH1-deficient spermatocytes
could be a function of a checkpoint sensing that chromo-
somes are not attached or developing tension on the
spindle. However, it is likely that this issue cannot be
resolved until relevant checkpoint proteins and effectors
are identified by mutation analysis.
The spermatocyte’s assembly of an organized bipolar
spindle in spite of univalent chromosomes is in contrast to
abnormal spindle morphogenesis in Mlh1/ oocytes
(Woods et al., 1999). Thus, although bivalent chromosomes
and normal congression are apparently prerequisites for
normal spindle morphogenesis in the oocyte, they do not
appear to be required in spermatocytes. This may well be a
reflection of the fact that, unlike the spindle in mammalian
oocytes, the meiotic spindle in spermatocytes is nucleated
by two centrosomes, even before its association with chro-
mosomes (Kallio et al., 1998).
Although MLH1-deficient spermatocytes clearly die by
apoptosis, the executioner is not yet known. Since the
genetic defect is intrinsic to the germ cells, one might
presume that the signal for apoptosis is likewise germ
cell-autonomous. However, in the absence of experimental
information, it cannot be excluded that defective germ cells
might influence Sertoli cells to initiate the apoptotic pro-
cess.
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